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So far, mainly radiometric methods have been applied for the determination of trace amounts of radiotoxic elements; for the actinides preferentially c~-particle measurements. Although as few as 4 × 108 atoms of 239pu (T1/2 = 2.41 x 104 a) are detectable by c~-ray spectroscopy with 1000min measuring time [1], the detection limit for 23VNp is two orders of magnitude higher because of its longer halfqife of T1/2 = 2.14 × 106 a. Very recently inductively coupled plasma mass spectrometry (ICP-MS) has also been applied as an alternative for the detection of neptunium. With this method a detection limit of approximately 1 pg (= 2 × 109 atoms), was achieved [2]. In the last few years, resonance ionization mass spectroscopy (RIMS) has been proven to be a powerful tool for ultrasensitive trace analysis due to its excellent elemental and isotopic selectivity and its high sensitivity [3, 4] . For plutonium and technetium detection limits of 2-4 × 106 atoms were obtained by three-step resonant excitation and ionization [5] . For the sensitive determination of neptunium by RIMS suitable excitation schemes had to be found with large cross sections for the respective transitions and for the final ionization step via autoionizing states. This search could be based on atomic levels known from the literature [6, 7] .
The high sensitivity of RIMS also makes optical spectroscopy possible with a very small number of atoms, as for example the determination of hyperfine structure (HFS) splittings in the optical transitions which influence the sensitivity as well as the selectivity of the detection of neptunium by RIMS. The determination of the first ionization potential by resonance ionization spectroscopy through variation of the electric field strength in the ionization region is another application. This method was for the first time investigated with only 1012 atoms of neptunium, as described in the present paper.
Experimental Procedure

RIMS Facility
The experimental setup is shown in Fig. 1 . Three tunable dye lasers (Lambda Physik, Model F1 2001) are pumped by two pulsed copper vapor lasers (Oxford Lasers, Model Cu-40) which emit laser light at 510.6nm and 578,2nm with an intensity ratio of 2:1 at a pulse repetition rate of 6.5 kHz and a pulse length of 30 ns. With an unstable resonator configuration an average output power of 30 W for each copper vapor laser is achieved. Conversion efficiencies between 10% and 25%, depending on the dyes, have been obtained in the wavelength range from 520 nm to 850nm [5] . Frequency doubling with a barium-betaborate (BBO) crystal (up to 17% conversion efficiency) gives access to the wavelength region between 260 nm and 425 nm [8] . The bandwidth of the dye laser radiation of normally 3.5 GHz to 10 GHz can be reduced to about 1 GHz by means of an intracavity etalon. The dye laser beams are injected into a time-of-flight (TOF) spectrometer either with help of prisms or by coupling into quartz fibres (200 gm core diameter) and subsequently focusing into the apparatus with a lens for each beam and one common focusing lens. The available laser light intensity in the ionization region is increased by reflecting the light back with a spherical mirror behind the exit window. The ions produced by resonance ionization in the interaction region are accelerated to an energy of 2.9keV by the potentials applied to two grids and detected by a channel plate detector after a drift length of 2 m. With this WileyMcLaren type of TOF spectrometer [9] mass resolutions of up to M/AM = 1500 to 2500 could be obtained, depending on the collimation of the atomic beam source. The mass spectra are recorded by time-to-pulse height conversion and pulse-height multichannel analysis. The ion count rates for different masses as a function of the wavelength of the dye laser beams are recorded with a LS111/23 microcomputer. More details on the resonance ionization mass spectrometer are given in [5].
Sample Preparation
In order to simulate the separation of 237Np from environmental samples, tap water was used as a model solution in first experiments. One litre of tap water was loaded with J. Riegel etal. 4Bq ~37Np and remained standing for about 12h. During that time reactions like complex formation, colloid formation or redox reactions may have taken place. Before starting the chemical separation the solution was acidified and boiled in order to destroy carbonate complexes and remove CO 2. Coprecipitation with La(OH)3 followed as the next step. The precipiate was filtered off and dissolved in 8N HC1. To destroy possibly formed colloids the solution was fumed with H2SO 4 and the residue was dissolved in a small volume of 8N HC1. This solution was transferred to an anion exchange column (AG 1 × 8, 100-200 mesh, 5mm × 150mm) that had been conditioned with 8N HC1. Washing with 8N HC1 removed La3+; then neptunium was eluted with 4N HC1/0.05N HF. The eluate was heated and fumed to dryness with H2SO 4. The residue was dissolved in 2 ml of a mixture of 4N HC1 and NH4OH with pH = 1.5. Neptunium was electrodeposited as hydroxide in a 2 mm spot on a rhenium foil (17 mm × 2.5 ram; 25 gm thick) with a current density of 3.2A/cm 2 at 45 ° C. After 90min, 300gl of NH4ReO 4 in 0.1N HC1 (= 0.6mg Re) were added and a thin rhenium layer was electrodeposited on the neptunium hydoxide at 2.4 A/cm 2 and 60 ° C. In the RIMS facility the filament was heated stepwise up to 2000 ° C. During diffusion through the rhenium layer the residual neptunium oxide was reduced to the neutral state so that an atomic beam could be produced by evaporation from the surface.
Measurements and Results
Excitation Schemes
Based on earlier work of Fred et al. [6] and Warden and Conway [7] , several excitation schemes have been investigated. With an ionization potential of 6.2657 eV for neptunium [7] , a three-step excitation scheme is necessary to reach energies beyond the ionization limit with laser wavelengths in the visible part of the spectral region.
The studied three-step excitation schemes start from the ground state 5f46d17s 26Lll/; as shown in Fig. 2 . With the wavelengths of the dye laser beams for the first two excitation steps in resonance, the wavelength for the ionization step was scanned in order to find autoionizing states. By use of such states the ionization probability is enhanced as compared to non-resonant ionization into the continuum. The search for autoionizing states involves measuring the ion count rate as a function of the laser wavelength A 3. This is illustrated in Fig. 3 for excitation scheme @ of Fig. 2 . Autoionizing states manifest themselves by enhanced ion signals at the resonant frequencies.The strongest transition, with an enhancement of about one order of magnitude compared to the ionization into the continuum, could be found at A 3 = 575.88 rim. Only autoionizing states of neptunium with odd parity can be reached by use of a three-step excitation scheme. With excitation scheme @ of Fig. 2 , no autoionizing levels were found in the scanned wavelength range of 557.4 nm< A~ < 591.8 nm. With the excitation schemes @ and @ of Fig. 2 , both leading to the same second excitation level at 33527.7 cm -1, autoionizing levels were found in the wavelength region 558 nm< /~3 ~ 588 nm with the strongest enhancement at A 3 = 571.2nm and 581.12nm.
